Thermal analysis Aluminium A354 EBSD DSC abstract In this piece of research the authors show how to build an experiment that can impose rotating magnetic stirring (RMF) during the solidification of a cylindrical cast with thermal data acquisition. Several tests were carried out at increasing frequency and magnetic intensity.
Introduction
The use of magnetic fields during solidification has been widely used in continuous castings with success for grain refinement, solute redistribution and surface quality improvement [1] . A domain of interest is the usage of magnetic fields in solidification of functional castings because there are no contaminants added and sometimes, due to productive constraints, it is not possible to impose adequate cooling rates in order to achieve a desired grain size. Besides this, if the mould material is brittle and other techniques are applied, rather than electromagnetic stirring, the vibrations could be destructive for the mould. the cooler liquid from the mould surface to the hotter regions increases the solidification rate [8] . Mass transportation provides an opportunity to solute undercooling [6, 7] .
Another effect is the appearance of segregation areas as the magnetic stirring is intensified [11] [12] [13] [14] [15] . In cases of RMF stirring, the segregation is located in the core of the vortex, even with higher density solutes. This has a particular effect on aluminium alloys with higher silicon and copper content, which is the case in this experimental study [4, 14] .
Besides the effect on grain size and segregation disturbances, porosity may arise due to high central shrinkage. This feature is associated with severe macrosegregation [16, 17] .
2.
Materials and methods
Materials
An electrical three-phase motor inductor from SEW ® with 0.5 kW and with phase angle (ϕ)of120 • was adapted in such a way as to supply different frequencies and magnetic intensities. The inductor was controlled by a low-voltage frequency inverter MICROMASTER ® from Siemens ® . Six high-flow electrical fans were used to cool the inductor. The magnetic field inside the inductor was characterized vertically and horizontally in several frequencies and magnetic intensities for different locations with a Hall sensor from Allegro Technologies ® . Due to the Hall's sensor's linear and ratiometric characteristics, which have a high response speed, the magnetic field was determined using an oscilloscope to measure the peak amplitude in millivolts, the latter being converted afterwards to Gauss and finally to millitesla.
A high resolution low-voltage data acquisition system 8018R from Superlogics ® was used together with DASYLab ® v11 to acquire the temperature during the test piece solidification at a rate of 2 Hz. The assembly of the experiment is shown in Fig. 1 .
The cast specimens were 30 mm in diameter (Ø) and 110 mm in height and were cooled down in such a way that the main heat was lost through the top. This was done in a pre-dried cylindrical gypsum mould according to a cycle described in Fig. 2 . The gypsum thermal conductivity was 0.18 ± 0.03 W m −1 K −1 .
Four different levels of frequency with proportional magnetic intensity were tested. Each of these batches contained three samples for reproducibility assessment. From here on in the text, "frequency" will mean the imposed frequency with a correspondent magnetic intensity. The correlation between frequency and magnetic intensity as well as the corresponding Taylor number (Ta) and Reynolds magnetic number (Re w ) are displayed in Table 1 . The chosen position for the thermocouple was at Ø/4 and 25 mm in depth. This was to avoid mechanical vibrations interfering with the detected temperature because the thermocouple was 1.6 mm in diameter. With the thermocouple already in position, the alloy A354 (composition in Table 2 ) was poured in an open atmosphere at 670 ± 5 • C and the magnetic field was activated immediately after filling. The magnetic field was deactivated when the sample reached 400 • C. The samples were cut longitudinally and prepared with fine polishing. In the final step of polishing a colloidal silica suspension from Buehler ® and an aqueous solution of NaOH at 8% were used to remove the deformed aluminium matrix. Please note that all the analyses were undertaken without homogenization heat treatment.
Characterization techniques

EBSD
One portion with 100 mm 2 from one trial without RMF and another with RMF at 50 Hz were removed by a hand saw from the cast samples. The EBSD analysis was carried out in a FEI Quanta 400FEG ESEM/EDAX Genesis X4M.
Two different observation fields were analyzed per each sample. The first observation field was analyzed at low magnification for a global view of crystallographic orientation and grain size of primary˛. The second field was scrutinized at higher magnification and located inside a eutectic envelope. The intention was to evaluate the crystallographic orientation and thus analyze the epitaxial growth of eutectic˛(˛e u ).
Aluminium and silicon crystallographic disorientations and grain sizes were determined by means of an OIM TM Analysis System.
Thermal and DSC analysis
The cooling curves were processed by means of an algorithm that was able to reduce the data noise and also calculate the first derivative (T is the temperature in • C and t is the time in seconds). These data, associated with the studies performed by other authors [18] , enabled the identification of the main solidification events.
Cylindrical samples with a diameter of 3.7 mm were machined from the cast. The samples were cut and ground to 1000 mesh in water-cooled sand paper in order to provide a good surface contact between the sample and the bottom of the pan. The samples were 70 ± 5 mg and the DSC equipment used was a Labsys TG/DTA from Setaram.
The thermal cycle for DSC analysis is shown in Fig. 3 . The region of interest in DSC was determined to be between 450 • C and 540 • C with the scan rate of 3 • Cmin −1 .
The DSC cycle was adaptive with the following goals in mind: avoid diffusion of the studied phases during heating cycle and aptitude to differentiate each peak during The enthalpy of the liquid phase was calculated by the integration of the endothermic peaks in the software provided by Setaram (Data Processing Module v1.53e).
Quantitative metallography
Micro structural pictures were captured with a total of ≈30 mm 2 at 100× magnification.
The quantitative analysis was carried out using ImageJ and statistical analysis was performed in MS Excel ® . Two types of particle population were characterized: silicon particles and copper/magnesium rich interdendritic colonies. The features analyzed were: area fraction, shape factor, specific perimeter, quantity of particles per mm 2 and average size.
Solute segregation analysis
The samples were etched with Weck's tint etching, which creates microstructural contrast due to crystal orientation and solute segregation. Within a certain field of view, where the crystal orientation is constant, contrast differences may be interpreted as a consequence of solute microsegregation. 3.
Results and discussion
Magnetic field characterization
As can be seen in Fig. 4 , the vertical magnetic intensity is mainly concentrated on the inductor edge. In the geometrical centre the intensity is null. On the other hand, as should be expected from a coil designed for a rotational motor, the main magnetic intensity was located in the middle of the height and near the inside surface of the stator core for the horizontal field. It was also found that the intensity of the horizontal field is much greater than the vertical one, although both fields are zero at the rotation axis. From these results it is possible to infer that the magnetic field imposed on the casting represented by a shaded area is mainly horizontal. This is supported by the fact that the liquid metal does not occupy the whole area left by the rotor. In fact, due to practical design considerations, the liquid metal is located a little away from the stator core and also from the top and bottom. The justification for this is that this type of assembly may overheat the inductor and so the heat must be properly isolated. This being the case, the authors decided to use a very low thermal conductivity material (gypsum) and an air pocket between the mould and the stator core.
It is possible to assume that the metal flow was axially stable because, according to Grants and Gerbeth [19] , the relation between the radius "R" and the height "h" of the casting must obey the criterion 0.4 ≥ R/h>1,Re w > 1100 and Ta must be higher than 1.635 × 10 5 to be non-stable. All these conditions were fulfilled, as can be seen in Table 1 .
EBSD
The EBSD mapping is shown in Fig. 5 . The picture ordering is such that the main crystallographic differences between the sample without RMF and the one with RMF are easy to follow. The rows are ordered in the following way:
1st row -SEM IMAGE; 2nd row -EBSD mapping for alpha phase; 3rd row -EBSD mapping for Si phase.
On the other hand, the columns represent the two RMF situations at two different locations and magnifications:
Column one and two are from the sample without RMF and column three and four are from the sample with RMF.
As stated in Fig. 5 , if one compares EBSD maps "e" with "g", two main aspects must be enhanced: the grain size reduction of the primary phase with RMF; the grain orientation with RMF is more diversified. A quantitative analysis of the grain size distribution of primary˛is shown in Fig. 6 , revealing that in the situation of RMF at 50 Hz the grain size is smaller than without RMF. In fact, the largest grain size with RMF at 50 Hz is about 440 m, while without (RMF) it is about 650 m. In addition to this fact, with RMF at 50 Hz, a larger fraction of smaller grains appear at about 200 m. The cumulative sum of the grain fraction for the different grain diameters shows that the main difference occurs at 200 m, and from this point on RMF achieves the complete area fraction for smaller grain sizes.
Further investigations in the eutectic areas show that the eutectic alpha (˛e u ) at 50 Hz is approximately 50% smaller than without the magnetic field. Here the crystal orientations with RMF are more diverse than those without RMF. These large orientation differences suggest that with RMF at 50 Hz the˛e u grains do not have an epitaxial growth as most of the˛e u grains without RMF seem to have. This statement is also valid for the eutectic silicon.
The eutectic silicon also exhibits some changes when we compare the cases without RMF and those with RMF at 50 Hz. As shown in Fig. 5j and l, the main difference between some higher crystal disorientation and the grain size at Fig. 5di finer than the one shown in Fig. 5b . No evidence was found to support the loss of epitaxy when RMF is applied.
Thermal analysis
There are significant changes in the first derivatives of the thermal analysis between batches. This is particularly evident in Fig. 7 if one compares the experiment without RMF with the one with 50 Hz.
Without RMF there is a formation of a phase while˛grows. This event appears after˛growth temperature. The authors undertook two more tests without RMF but with interrupted solidification at the point "Quench" in Fig. 7 . The interruption was performed by quenching the casting in cold water while it was monitored with the same device for thermal analysis. The metallographic results revealed that the precipitant phase is primary silicon on the castings without RMF. The microstructure on the castings with RMF did not show any primary silicon. The primary silicon is shown in Fig. 8 .
The precipitation of primary silicon in hypoeutectic Al-Si alloys has already been reported by Wang et al. [20] , who attribute this fact to local concentrations of Si higher than the eutectic concentration. High local concentrations are due to the silicon maximum solubility of 1.5 ± 0.1 at% at 5 77.6 • C leading to the rejection of solute by the primary aluminium at the solid/liquid interface. The authors suppose that the inhibition of primary silicon precipitation is due to the intense mass transportation at the solid front, avoiding the build-up of solute. Some authors have already reported the intense solute transportation from the solid front [21, 22] . Besides the precipitation inhibition of primary silicon, the experiments with RMF at 50 Hz revealed a very interesting fact, i.e. the occurrence of two new peaks while˛is growing. For further analysis of these facts, experiments at 50 Hz consisted in stopping the RMF at "a", "b" and "c" (detail in Fig. 7) , and the resultant thermal analyses were undertaken and evaluated. The thermal analysis curves of the situations a, b and c from Fig. 7 are shown in Fig. 9 , where stopping of the RMF before peak 1 leads to strong variations in dT/dt. Some seconds after the RMF has been stopped, there is an increase in the cooling rate followed by a decrease, increasing again and finally decreasing. These last two seem to be replicates of the first ones, but much more intense.
This phenomenon becomes progressively weaker as the solidification takes place.
The authors suppose that peaks 1 and 2 in Fig. 7 are associated with the high mass/heat transfer during the RMF stirring that may melt some dendrites, and that when the bulk reaches a certain temperature there is an abrupt nucleation of˛, leading to new peaks of recalescence. Dendrite fragmentation has already been reported by others in electromagnetic stirring [23] .
DSC analysis
Two curve examples of distinct experiment pieces are depicted in Fig. 10 . One feature that immediately stands out is the loss of peak 1 for the case with RMF. The other aspect for this case is the drift to higher temperatures and the "cleaner" overall appearance of the curve. This can be further clarified in Table 3 . Peak 1 has been detected at 491.2 • C without RMF. It seems that the phase that is formed at this temperature is suppressed with RMF. Another point is that the enthalpies remain more or less the same with the RMF imposition, except for peak 3, where the amounts of this phase more than doubles. For peak 4 there is a slight decrease of 14%. It seems, then, that while the solidification occurs, the growth of some phases is promoted and at the end of the solidification there is not enough solute for other phases to form. The peak temperatures for RMF are very close to those without RMF, albeit being shifted to values approximately 2 • C higher. The only exception for this is peak 4. The authors suppose that the particles with RMF have a slightly different stoichiometry.
If one analyses the data dispersion for the tests conducted (three for each case), it is clear that with RMF the dispersion is lower for most of the data.
Quantitative metallography
The quantitative metallography analysis focused on two main groups of particles, one group being the Si particles and the other consisting of all the others, except for the iron rich particles. Fig. 11 shows that the quantity of silicon particles increases linearly in line with the root of the RMF frequency. Without RMF the number of particles is approximately 245/mm 2 while at 50 Hz it is about 320/mm 2 , representing an increase of 30%. On the other hand, the average size of particles also decreases with the square root of the RMF frequency. Both of these attributes have a reasonable correlation coefficient. Another interesting feature is the average specific perimeter (ASP) of the silicon particles. ASP was calculated by dividing the perimeter by the area of each particle. As stated in Fig. 12 , ASP and its dispersion grow linearly with the root of the frequency. Without any RMF, ASP is about 0.43 m −1 , while at 50 Hz it is 0.52 m −1 , representing an increase of 20%. This phenomenon might be interesting with regard to the solution heat treatment, since the rate of dissolution depends strongly on the specific area of particles to be solutionized.
The behaviour of the area fraction occupied by the silicon particles is demonstrated in Fig. 13 and is shown to be more complex than the previous features mentioned. When an RMF of 5 Hz is applied, there is an instant reduction of area fraction that is stable up to 25 Hz, but for 50 Hz this apparent plateau is broken, so as to further area fraction diminishment. The area fraction without RMF is about 5.7%, while with an RMF at 50 Hz this drops to 4.9%, representing a fall of about 15% of the area fraction occupied by the silicon particles. The shape factor (SF) of silicon particles was calculated by the division of the largest by the smallest length of each silicon particle. SF remains unaltered throughout the RMF frequency and with very small dispersion.
From all the previous data it is possible to conclude that as RMF increases, the quantity and ASP of silicon particles increase. On the other hand, as RMF increases the size and area fraction occupied by the Si particles decreases. The aspect of note is that SF remains the same despite all these changes.
The procedure for quantitatively analysing the remaining particles required that they were etched with an aqueous solution of NaOH at 10% by 70 • C. This etching darkened the particles enriched in copper and magnesium, thus enabling a more accurate quantitative determination of these secondary particles. These same particles appeared as agglomerates and were considered to be colonies. Owing to the highly complex geometry of these colonies, only their silhouette was taken into account. The analyses that followed only focused on the area fraction and shape factor. The area fraction and shape factor from the colonies are shown in Fig. 14 .
The area fraction of the colonies decreases remarkably in a linear manner as the RMF frequency increases. The data dispersion tends to increase in line with the increasing frequency. The area fraction occupied by these colonies begins at about 1.5% in the absence of RMF, while at 50 Hz it is about 0.5%. This represents a reduction of approximately 65%. Once again the shape factor seems to be unaffected by the RMF and shows the same magnitude as that of the silicon particles. In sum, there are strong evidences that more solute elements dissolve. In the matrix with magnetic field and the undissolved particles have a more suitable size and surface area for solution heat treatment. It is thus expectable that heat treatments may be shortened leading to energetic savings. More work must be done on this field to check these expectations.
Solute segregation analysis
After etching one sample per RMF situation with Weck's etchant, it had become clear that substantial differences are imposed by the RMF. This is supported by Fig. 15 .I n Fig. 15a (no RMF) the interdendritic spaces show a severe segregation effect resembling a halo. This halo effect is only perceived in the particles rich in copper and magnesium. On the other hand, the silicon particles reveal a shallow halo and are somewhat uniformly distributed. Fig. 15b shows that the RMF begins to affect the segregation level and the distribution of silicon particles. The segregation halo around copper/magnesium-rich particles begins to be more discrete and also narrower. However, the silicon particles show a slightly broader halo and begin to appear in clusters. At Fig. 15c the clustering effect of the silicon particles begins to be more evident and the parallelism between secondary dendrites begins to be less evident. At 25 Hz (Fig. 15c) the halo thickness at the silicon particles is broadly the same as it is at 5 Hz, but the clustering of silicon particles evolves to wider diameters. At this frequency the dendritic structure is almost annihilated to give place to a globular primary˛.AtFig. 15da very large area of clustered silicon is shown. Besides this feature, the halo around the silicon particles has grown to values that reveal that in some cases the halo is broader than the silicon particle width. The primary˛has now lost the dendritic structure to assume a shape of somewhat irregular globules. The Si cluster evolution with the increase in RMF frequency also displays interesting behaviour at the RMF stopping cases demonstrated in Figs. 7 and 9. In Fig. 15e one can observe some cluster formation and preservation of the dendritic structure as well as noting that segregation in the interdendritic spaces prevails. After the first secondary recalescence peak there is an abrupt formation of larger Si clusters that are agglomerated between them, separated by a small amount of primary˛.
Interesting to note is the diminution of the segregation halos amongst the copper/magnesium particles. These features can be observed at Fig. 15f . After the second secondary peak the clusters are fully agglomerated. The apparent main difference between the agglomerates of Fig. 15d and g is their size and the slightly larger segregation halos around the copper/magnesium rich particles.
The authors suppose that the RMF can only affect the size of the silicon particles when it is activated at the nucleation and growth of the eutectic phases.
Conclusions
• There is grain refinement with the appliance of RMF, both in the primary˛and in the eutectic˛and Si; • The growth of eutectic˛is affected by the magnetic field, losing its epitaxial growth with primary˛and becoming finer;
• With the use of RMF there are phases which are suppressed and in which segregation in the solid front is diminished, for instance primary Si;
• The aluminium matrix has higher content in alloying elements because the precipitation of silicon and other intermetallic phases is less intense;
• The size of the eutectic colonies is highly dependent on the RMF power and on the solidification stage moment when RMF is switched off;
• At higher RMF frequencies, the liquid pockets where the eutectic reaction occurs appear to be bigger;
• The interdendritic segregation appears to be lower at higher RMF frequencies;
• The interlamellae silicon segregation increases as RMF frequency increases.
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